The cold shock proteins are small peptides that share a conserved domain, called the cold shock domain (CSD), that is important for nucleic acid binding. The Caulobacter crescentus genome has four csp genes that encode proteins containing CSDs. Three of these (cspA, cspB, and cspC) encode peptides of about 7 kDa and are very similar to the cold shock proteins of other bacteria. Analysis by reverse transcription-PCR of the fourth gene (cspD), which was previously annotated as encoding a 7-kDa protein, revealed that the mRNA is larger and probably encodes a putative 21-kDa protein, containing two CSDs. A search in protein sequences databases revealed that this new domain arrangement has thus far only been found among deduced peptides of ␣-proteobacteria. Expression of each Caulobacter csp gene was studied both in response to cold shock and to growth phase, and we have found that only cspA and cspB are induced by cold shock, whereas cspC and cspD are induced at stationary phase, with different induction rates. The transcription start sites were determined for each gene, and a deletion mapping of the cspD promoter region defined a sequence required for maximal levels of expression, indicating that regulation of this gene occurs at the transcriptional level. Deletion of cspA, but not cspD, caused a reduction in viability when cells were incubated at 10°C for prolonged times, suggesting that cspA is important for adaptation to a low temperature.
Bacterial cells face many challenges in the outward environment, being exposed to chemical and physical factors that may considerably affect their growth. Temperature is one of the most critical parameters for bacterial growth, and cells must adapt themselves fairly quickly to sudden temperature changes. Whereas a high temperature causes severe damage to the cells mainly because of protein denaturation, a low temperature may render cells nonviable because of alterations in nucleic acids and membrane lipids.
The response to a low temperature involves a change in the cell membrane lipid composition, with an increase in the proportion of unsaturated fatty acids, to keep the fluidity of the membrane at a low temperature (40) . The ribosomes also adapt themselves to translate cold-specific mRNAs by incorporation of ribosomal factors that change their functional properties (24) . The structure and topology of the chromosomal DNA is also affected, and its adaptation to the cold involves the induction of proteins that are nucleoid associated, such as H-NS (7).
One of the major difficulties bacteria face during a temperature downshift is the stabilization of secondary structures of nucleic acids, particularly mRNA, which prevents them from being efficiently translated. Upon cold shock, bacteria express a well-defined set of proteins to adapt the cell to the new temperature condition. The first protein described as a major protein induced upon decrease in temperature was CspA from Escherichia coli (17) , an RNA chaperone which helps to destabilize the secondary structures of the RNA (23) . The proposed role for CspA was also to increase mRNA translation and to render mRNA more susceptible to RNase degradation (6, 23) . Eight other proteins homologous to CspA were identified in E. coli (CspB to CspI), and it was shown that CspA, CspE, and CspC, but not CspB, also act as transcription antiterminators in vitro (3), and CspD has been shown to inhibit DNA replication (56) .
Homologues of cold shock proteins have not been found in archaeal genomes, and among the eubacteria they are present in most proteobacteria but not in spirochetes or cyanobacteria, the latter presenting a family of small cold-inducible proteins with RNA-binding domains similar to those found in eukaryotic proteins (36) . These small proteins possess a conserved domain called the cold shock domain (CSD) that is composed of two nucleic acid-binding motifs, RNP1 and RNP2, that are crucial for the binding to single-stranded DNA and RNA (38) . The CSD is also found in eukaryotic proteins, where it mediates RNA binding and interacts with other RNA-binding domains (20) . The role of some of these eukaryotic proteins has been determined, showing that they are involved in coupling transcription of specific mRNAs with their translation and, in some cases, acting as transcription factors (5, 49) .
Bacterial genomes contain usually many copies of csp genes, but there is a large variation in their patterns of expression. In E. coli, only four of the nine cold shock proteins are induced upon cold shock (CspA, CspB, CspG, and CspI) (47, 53) , and one (CspD) is induced during stationary phase and upon nutritional starvation (51) . Bacillus subtilis has three CspA-like proteins, which are all induced at a low temperature (18) , and two of them (CspB and CspC) are also induced at stationary phase (21, 25) . Lactobacillus plantarum has three csp genes, but only one (cspL) is highly induced at temperature downshift and stationary phase, whereas cspP and cspC are constitutively expressed (8) .
The caulobacters are ubiquitous bacteria found in humid soils and in practically every aquatic environment (34) . The distinct cell cycle of this bacterium, presenting a sessile phase and an obligatory motile phase, confers a good mode of dispersion through water in search for better nutritional conditions, and may also be important for adaptation to challenging situations, such as extreme environments. These bacteria were reported in frozen soil and bodies of water (1, 10) , suggesting that it must be well adapted to live in low temperature. Analysis of the genome content of Caulobacter showed that it possesses four genes encoding putative small cold shock proteins (32) , but their patterns of expression have not yet been determined. We have investigated here the regulation of the csp genes in response to cold shock and growth phase and determined a regulatory sequence important for expression of cspD that encodes a peptide presenting a novel CSD arrangement in bacteria. Two strains, one carrying a deletion of the coldinduced cspA gene and the other of the stationary-phase-induced cspD gene, were generated, and analyses of the phenotype indicate that cspA, but not cspD, is involved in adaptation to low temperature.
tion digestion (as shown in Fig. 6 ) or by PCR as described above with the primer pair CSPD-A-CSPD-B, CSPD-C-CSPD-B, or CSPD-D-CSPD-B, and the sequence was confirmed by DNA sequencing. DNA fragments of the promoter regions of the cspA, cspB, and cspC genes were obtained by restriction digestion (cspA, BamHI/NcoI; cspB, EcoRI/SacI; cspC, BamHI/EcoRI). All of the fragments obtained were cloned into pRKlacZ290 (14) and introduced into C. crescentus NA1000 by conjugation. Promoter activities during cold shock and stationary phase were determined by measuring the ␤-galactosidase activity by the method of Miller (29) .
Deletion of cspA and cspD and viability tests. To delete the coding region of cspA, two fragments containing the region upstream and downstream of the gene, were amplified by PCR with primers CSPA-B/CSPA-C and CSPA-D/ CSPA-E, respectively (Table 1) , and ligated in tandem to the suicide vector pNPTS138. This 1.0-kb ApaI/BamHI fragment contains the flanking regions of the gene without the deleted region. The same was done for the cspD coding region, with the primer pairs CSPD-D-CSPD-E and CSPD-F-CSPD-G, generating a 1.6-kb PstI/EcoRI fragment. The pNTPS138 vectors were then introduced into C. crescentus NA1000 by conjugation with E. coli S17-1, and the genes were deleted by allelic exchange after double recombination. The deletions were confirmed by PCR amplification with primers flanking each gene and by Southern blots.
Determination of survival at low temperature was performed as follows. Cells were grown at 30°C up to mid-log phase and then transferred to 10°C, with agitation. Samples of each culture were taken at different time points, and viability tests were carried out by determination of the number of CFU. The relative survival was calculated as the number of CFU of the mutant strains at each time point divided by the number of CFU of strain NA1000 at the same points, considering that the absorbance at 600 nm for all cultures were identical.
RESULTS
Sequence analysis of open reading frames (ORFs) containing the CSD. There are four genes encoding small cold shock proteins similar to E. coli CspA in the genome of Caulobacter (32) . The genes were arbitrarily named as follows: cspA (CC2903), cspB (CC0665), cspC (CC2623), and cspD (CC1387). Three of the peptides (CspA, CspB, and CspC) showed a higher degree of similarity to each other and to E. coli CspA and possess one CSD, which harbors the nucleic acid-binding motifs RNP1 and RNP2 (Fig. 1A) . These proteins The original genome annotation of the fourth gene (cspD) identified a coding region corresponding to 192 bp, but a more detailed sequence analysis showed that the coding region is probably 588 bp long, coding for a putative protein of 21.5 kDa and a predicted pI of 5.94 ( Fig. 2A) . In order to investigate whether the cspD coding region is larger than what was previously determined, we performed an RT-PCR experiment, with primers that hybridize with the beginning of the proposed longer ORF and the beginning of the annotated cspD, respectively ( Fig. 2A) . A specific product was obtained, indicating that there is an mRNA encompassing the whole predicted ORF and suggesting that cspD could encode a 21.5-kDa protein (Fig. 2B ). This putative protein contains two CSDs of 70 residues separated by a nonconserved region of 52 residues. A search in protein databases revealed that other proteins with the same domain structure are found in ␣-Proteobacteria but not in other eubacteria (Fig. 1B) . Interestingly, we could not find any similar peptide in the two Rickettsia species that have their complete genome sequence determined.
These proteins share extensive similarity in their CSDs, but the amino terminus and the region between the two CSDs show high divergence, with the Caulobacter, Rhodopseudomonas, and Rhodospirillum proteins having insertions in these regions. An analysis of the CspD sequence with respect to backbone chain flexibility indicated that the region between residues 87 and 128 is highly flexible. A longer insertion at this same relative position was also seen in a Rhodospirillum homolog (Fig. 1B) , suggesting that there may be less selective pressure on this interdomain region than on the CSDs. 2) and from cells at 24 h after entry into stationary phase (lanes 3 and 4) and treated with DNase I previous to the experiment. RT-PCR was performed with a pair of oligonucleotides-one that hybridizes close to the ATG of the proposed longer cspD ORF and one at the beginning of the annotated cspD coding region. Control reactions, carried out with Taq DNA polymerase but without reverse transcriptase, yielded no amplified bands (lanes 1 and 3), confirming that there is no contamination of DNA in the samples. The expected 405-nt fragment obtained for both samples is indicated by an arrow.
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The next ORF, CC1388, encodes a conserved 184-aminoacid protein, which possesses a domain of unknown function (DUF192) when analyzed by the PFAM program (4). The same genetic organization of cspD and CC1388 found in C. crescentus was observed in other ␣-Proteobacteria, except for M. magnetotacticum, R. rubrum, and N. aromaticivorans, in which the CC1388 homolog is found elsewhere in the genome.
Expression of csp genes in response to cold shock. It was observed for several bacteria that the expression of some homologues of CspA increases with cold shock, whereas other homologues are not induced under this condition. To determine whether the C. crescentus csp genes are induced by cold shock, the promoter region of each gene was cloned upstream of a lacZ gene in a reporter plasmid, and expression was analyzed by ␤-galactosidase activity (Fig. 3) . Figure 3B shows that expression of fusions carrying cspA or cspB promoters was increased by cold shock. On the other hand, expression of fusions carrying cspC or cspD promoters did not show any increase under the same conditions, indicating that these genes are not cold induced, similarly to E. coli cspC, cspD, or cspE genes (51, 55) .
In order to evaluate the temperatures for which the cspA and cspB gene expression is maximized, we tested the levels of transcription at several temperatures ranging from 0 to 40°C (Fig. 3B) . We observed that there is no induction at temperatures lower than 10°C (0 and 5°C) or higher than 20°C (30 and 40°C) and that both genes are induced at 10, 15, and 20°C. The cspA gene showed higher levels of induction, and expression was still going up after 4 h at 15 and 20°C, whereas the peak of expression of cspB was at 2 h and remained stable after that.
These results prompted us to determine whether the genes are induced at stationary phase, as with the cspD gene in E. coli (51) . There is a great increase in enzyme activity at the onset of stationary phase when cells carry promoter fusions of cspB (3.8-fold), cspC (5.3-fold), and cspD (6.5-fold) (Fig. 4) and a very small increase (1.2-fold) with the promoter fusion of cspA. Once at stationary phase, the expression of these genes did not significantly change even 24 h after the onset of this phase, with the exception of the cspD/lacZ fusion, which showed a small increase after this time.
Analysis of transcription start sites. The transcription start sites of the csp genes were determined by primer extension analyses (Fig. 5) . All genes showed multiple start sites, and the cspA and cspB transcripts were greatly induced after 2 h at 10°C (Fig. 5A and B) , whereas cspC and cspD were induced at stationary phase ( Fig. 5C and D) . Despite the fact that the cspB/lacZ fusion showed an increased ␤-galactosidase activity at stationary phase (Fig. 4) , we could not detect an increase in the cspB transcript, suggesting that the results may be due to some interference of the fusion to lacZ. Transcripts from cspA and cspB were detected from RNA of cells growing at 30°C at longer exposure times (not shown). If we consider the major transcripts of each gene, the results showed that the 5Ј-untranslated regions of the cold-induced cspA and cspB genes are longer (127 and 143 nucleotides [nt], respectively) than those of the genes that are not cold induced (cspC [64 nt] and cspD [45 nt] ). Long 5Ј-untranslated regions are found in several cold-induced genes and have a role in regulation of gene expression (11, 12, 16, 47, 48) . The Ϫ35 and Ϫ10 sequences of the major transcripts share low similarity among the promoters, but there are AT-rich regions upstream of the cspB Ϫ35 region, similar to what was reported for E. coli cspA (16, 30) .
For the cspD gene, the Ϫ35 (TTGACGG) and Ϫ10 (GCG AGAAC) regions follow the consensus proposed for promoter regions of Caulobacter housekeeping genes (27) . Two start sites were observed when RNA isolated from exponentialphase cells was used, with the downstream signal being the more intense (Fig. 5D) , and three signals were observed when stationary-phase RNA was used-two corresponding to the log-phase RNA and a new one located upstream. All three bands were more intense in stationary phase than in the log phase, indicating that the induction observed at this growth phase is due to an increase in mRNA level whose transcription initiates from the same promoter.
The regulatory region of cspD was further analyzed by cloning several promoter fragments containing progressive deletions each in front of a lacZ reporter gene (Fig. 6 ). Deletion analysis showed that there is no promoter activity downstream of the NotI site (pEL1), which is 225 bp upstream of the annotated start codon. Fragments comprising the region from the upstream tRNA gene to the PstI site drive the maximal values of ␤-galactosidase activity in the log phase and also a great induction (ϳ5.5-fold) in the stationary phase. These levels of expression are observed for all constructs that contain the region downstream of position Ϫ98 (pEL2, pEL3, and pEL4). The activity of pEL5 is much lower than that of pEL4, although the promoter region is present in this construction, which suggests that the region between positions Ϫ98 and Ϫ73 is necessary for maximal cspD expression in both log and stationary phases. The sequence found in this region comprises two imperfect direct repeats (Fig. 5D) , and a similar sequence was also found upstream of the cspC gene (Fig. 5C ), whose promoter fusion showed similar levels of ␤-galactosidase activity during stationary phase. These results indicate that this region may be a regulatory site involved in the maximal levels of expression of cspD, but it is not involved in the growthphase-specific induction.
Analysis of cspA and cspD mutants. cspA is the major coldinduced csp gene, and it probably has a role in adaptation of Caulobacter to low temperature, whereas the cspD gene could be more important in adaptation to stationary phase. In order to verify this hypothesis, two mutant strains were generated in which the cspA gene and cspD genes were deleted (NA1000 [⌬cspA] and NA1000 [⌬cspD], respectively). The strains were tested for survival at low temperature (10°C) and at stationary phase. Neither strain showed any defect in survival at stationary phase (results not shown), and when cells were incubated for prolonged times at 10°C, the parental NA1000 strain and the cspD mutant did not show any decrease in survival (Fig. 7) . On the other hand, the cspA mutant showed a decrease in survival after 24 h at 10°C and kept that reduced viability after 48 h. These results suggest that cspA is important for Caulobacter to withstand low temperature, whereas the role of cspD is probably not directly related to cold survival.
DISCUSSION
The cold shock response in bacteria involves the activation of several genes important for adjusting the essential cellular processes to the new temperature. The best-studied cold shock genes are those encoding small proteins (7 kDa), which are very conserved among bacteria (33), playing a major role during cold shock adaptation but also important under normal growth conditions. The prototype of this family, the CspA protein from E. coli, is composed of five antiparallel ␤-strands and presents a very efficient folding (31, 35, 37) . The finding of eukaryotic proteins sharing sequence similarity with the bacterial cold shock proteins showed that the small cold shock proteins are constituted of a single domain, the CSD, which is conserved from bacteria to humans (20) . CSDs have also been determined to be integral components of larger proteins in eukaryotes (22) .
We show here that C. crescentus has four predicted peptides that present the CSD; three of them belong to the E. coli CspA family of 7-kDa proteins (CspA, CspB, and CspC), and one of them belongs to a novel class of bacterial proteins that possesses two CSDs (CspD). Despite the modular nature of the CSD, which has been clear for some time (20) , proteins with this two-domain structure have not yet been described. One possible reason for this could be that we have identified this particular arrangement in predicted proteins only from proteobacteria of the ␣ subdivision (Fig. 1B) , whose genome sequences only recently became available.
The role of Caulobacter CspD and these novel ␣-Proteobacteria proteins possessing a double CSD structure in the cell is still unknown. A protein with five CSDs in humans, the UNR protein, has been described (22) that was found to bind singlestranded DNA and RNA with high affinity and doublestranded DNA with lower affinity (13) ; only three of the domains are sufficient to confer the same affinity for RNA as does the full-length protein (45) . The interaction of Unr with a second protein, the gene regulator ALL-1, requires two CSDs, suggesting that this double-domain arrangement could be necessary for protein-protein interaction (26) . Another interesting observation is that some bacterial cold shock proteins are able to form dimers in vitro (28, 56) , although the physiological relevance of this is still unclear. It is tempting to speculate that in some cold shock proteins from ␣-Proteobacteria, dimerization of the CSD was ensured by encoding the two domains within the same polypeptide. FIG. 4 . Growth-phase-dependent expression of the csp genes. Expression of the csp genes was determined from cells harboring the respective promoter fusions at mid-log phase and at 2 and 24 h after entry into stationary phase. The ␤-galactosidase activity is expressed in Miller units (29), and growth was monitored by measuring the optical density (OD) at 600 nm. (Fig. 6) is boxed, and the position of the BamHI restriction site introduced by PCR in construct pEL4 is shown in parentheses. In panels C and D, the arrows indicate two imperfect direct repeats, and the shaded nucleotides indicate the regulatory sequence of cspD that is also found in cspC.
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We showed that the fusions containing the promoter regions of cspA or cspB are highly induced by a temperature downshift from 10 to 20°C, whereas those containing the cspC and cspD promoters are not. It has been demonstrated that the expression of E. coli CspA is regulated at the transcriptional level during cold shock and that the expression of ␤-galactosidase under control of its promoter was increased three-to fivefold upon a decrease in temperature (16, 43, 46) . The cold inducibility of E. coli CspA, as well as B. subtilis CspB, is also the result of increased mRNA stability at a low temperature (6, 12, 15, 25) . The presence of a sequence called upstream box in the long 5Ј-untranslated region and a sequence downstream of the initiation codon (called the downstream box) seem to increase translation efficiency in E. coli (11, 30, 41, 54) . Although C. crescentus cspA and cspB genes have long 5Ј-untranslated regions, no sequences similar to the consensus for E. coli boxes could be found. The use of transcriptional fusions prevents the regulation at the level of translation, since the reporter gene has its own translation signals; therefore, the increase in expression observed for Caulobacter cspA and cspB promoter fusions is a result of transcription and/or mRNA stability.
The promoter fusions of three of the genes (cspB, cspD, and cspC) showed similar degrees of induction of ␤-galactosidase when cells entered stationary phase, but the promoter fusions of cspC and cspD genes did not show any increase in expression at a low temperature. Other CspA homologues in E. coli were described that are not induced by cold shock (51, 55) and, among them, cspD is induced during stationary phase. The Caulobacter cspD gene is regulated at the transcriptional level, since the presence of an upstream regulatory region is essential for maximal levels of expression. A sequence similar to this activator sequence is also present in the promoter region of the cspC gene, but it is not found in the regulatory region of another stationary-phase-induced gene, katG (42) . Since this element is not responsible for the growth phase regulation, the stationary-phase induction observed could be a result of both transcriptional regulation and increased mRNA stability. In B. subtilis, two of three small cold shock-induced proteins, CspB and CspC, are also induced in the stationary phase and were shown to be essential for adaptation to this phase (20, 25) . Since the Caulobacter cspC and cspD genes are induced in the stationary phase, their role is probably related more specifically to adapting the cell to survive long periods of growth arrest. The environmental signals that trigger the expression of these two genes are still not determined, but they might respond to the nutritional status of the cell, as described for CspA and CspD from E. coli (52) .
Gene knockout of Caulobacter cspA and cspD showed that these genes are not essential at 30°C, but the cspA strain shows a lower survival rate during prolonged growth at 10°C. The phenotype observed is consistent but not severe, indicating that the lack of a single csp gene is not very deleterious to the cell. Cells carrying deletions of individual E. coli csp genes or even a triple deletion (⌬cspA ⌬cspB ⌬cspG) were also shown to be viable, but a combination of four deletions (⌬cspA ⌬cspB ⌬cspG ⌬cspE) presented a cell division defect at a low temperature (50) . It was shown that when E. coli cells carry a double or triple csp deletion, there is a compensatory induction of the remaining csp homologues (50) . In B. subtilis, double cspB/cspC or cspB/cspD deletions show a reduction in growth rate at both 15 and 37°C and lower viability at stationary phase (19) . Although the Caulobacter cspD gene is induced at stationary phase, it is not essential for viability at this phase. The knockout of the other two genes, as well as obtaining double mutations, will enable us to determine the respective role of each gene in response to cold shock and stationary-phase survival.
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FIG. 6. Deletion mapping of cspD promoter region. The scheme of the cspD locus is shown above, indicating the previously annotated coding region (solid line), and the proposed extended coding region (dashed line). The bent arrow indicates the transcription start sites determined by primer extension. Restriction sites are indicated as follows: B, BamHI; K, KpnI; No, NotI; P, PstI. The sites in parentheses were introduced by PCR and are not in the original sequence. The plasmids carrying the constructs were introduced into C. crescentus NA1000, and promoter activity was measured by ␤-galactosidase assays both in exponential-phase (log) and stationary-phase cells (stat). The results are in Miller units (29) and are the average of at least three independent assays, with the respective standard deviation. FIG. 7 . Viability of the mutant strains at 10°C. Cells of the parental strain NA1000 (E), NA1000 (⌬cspA) (F), and NA1000 (⌬cspD) (OE) were grown at 30°C up to early log phase and then transferred to 10°C. Aliquots were taken before (0 h) and 24 or 48 h after incubation at 10°C, and serial dilutions were plated to determine the number of CFU. Survival rates were determined relative to NA1000 at each time point.
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